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CONTROLLABLY DEGRADABLE POLYMERIC BIOMOLECULE OR DRUG 
CARRIER AND METHOD OF SYNTHESIZING SAID CARRIER 

FIELD OF THE INVENTION 
5 The invention relates to a novel method for synthesizing a controllably degradable 

polymeric carrier molecule for biomedical application, such as biomolecule delivery, 
diagnostic imaging composition delivery, sensitizer composition delivery, and tissue 
engineering. More particularly, the invention relates to a controllably degradable polymer 
backbone and method of synthesizing polymers for use in delivery of biomolecules, such as 
10 nucleic acids, proteins, peptides, and drugs to cells, tissues, or to an individual in need of 
treatment. 

BACKGROUND OF THE INVENTION 
The primary concern in gene therapy is gene delivery. Gene delivery systems are 
designed to protect and control the location of a gene within the body by affecting the 

15 distribution and access of a gene expression system to the target cell, and/or recognition by 
a cell-surface receptor, followed by intracellular trafficking and nuclear translocation 
(Friedmann, T. The Development of Human Gene Therapy. Cold Spring Harbor 
Laboratory Press. San Diego. 1999). 

Interest in polymeric gene carriers is growing due to the limitations of viral vectors 

20 and cationic lipid-based gene carrier systems. Polymers are macromolecules that provide 
many exciting opportunities for the design of novel delivery systems of small molecular 
drugs, proteins, peptides, oligonucleotides and genes. In such systems, much greater 
flexibility can be achieved simply by varying the composition of the mixture, the 
polycation molecular mass, polycation architecture (linear, randomly branched, dendrimer, 

25 block and graft copolymer) and through modification of the polycation backbone by the 
introduction of side chains or other functional molecules, such as sugars, peptides, and 
antibodies (Pouton CW, Seymour LW. Key issues in non-viral gene delivery. Adv. Drug 
Deliv. Rev. 2001 Mar 1;46(1-3):187~203). Low immunogenicity or a lack thereof is 
another advantage over lipid-based gene carriers, which allows polymers to be a 

30 biocompatible material for application in patients. 

The cationic polymers commonly used as gene carrier backbones are poly(L-lysine) 
(PLL), polyethyleneimine (PEI), chitosan, PAMAM dendrimers, and poly(2- 
dimethylamino)ethyl methacrylate (pDMAEMA). 
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Poly(L~lysine)-based polymers, pioneered in 1987, were used for gene delivery by 
employing a targeting ligand, e.g. asialoorosomucoid and folate to facilitate receptor- 
mediated uptake (Wu, GY., and Wu, CH. Receptor-mediated in vitro gene transformation 
by a soluble DNA carrier system. J Biol Chem. 1987 Apr 5;262(10):4429-32; Wu, GY., 
5 and Wu, CH. Receptor-mediated gene delivery and expression in vivo. J Biol Chem. 1988 
Oct 15;263(29):14621-4; Mislick KA, Baldeschwieler JD, Kayyem JF, Meade TJ. 
Transfection of folate-polylysine DNA complexes: evidence for lysosomal delivery. 
Bioconjug Chem. 1995 Sep-Oct; 6( 5) :512-5) . It has been demonstrated that PLL/DNA 
complexes are internalized into cells as a result of the interaction of a ligand displayed at 

10 the surface of the complex with the receptor {Wagner E, Zenke M, Gotten M, Beug H, 
Birnstiel ML. Transferrin-polycation conjugates as carriers for DNA uptake into cells. 
Proc Natl Acad Sci USA. 1990 May; 87 (9): 3 410-4). PLL-mediated gene transfer 
efficiency was also improved by employing ly so somatotropic agents (such as 
chloroquinine) or inactivated adenovirus, or peptide derived from Haemophilus Influenza 

15 envelope proteins to facilitate PLL/DNA complex release from the endosomes {Wagner E, 
Plank C, Zatloukal K, Cotten M, Birnstiel ML. Influenza virus hemagglutinin HA-2 N~ 
terminal fusogenic peptides augment gene transfer by transferrin-polylysine-DNA 
complexes: toward a synthetic virus-like gene-transfer vehicle. Proc Natl Acad Sci USA. 
1992 Sep l;89(17):7934-8; Curiel DT, Wagner E, Cotten M, Birnstiel ML, Agarwal S, Li 

20 CM, Loechel S, Hu PC. High-efficiency gene transfer mediated by adenovirus coupled to 
DNA-polylysine complexes. Hum Gene Ther. 1992 Apr; 3 (2): 14 7-54) . It is clear that 
without the use of either targeting ligands or endosome lytic reagents, gene transfer is poor 
with PLL polyplexes alone because PLL is composed only of primary amine. On the other 
hand, high molecular weight PLL showed significant toxicity to the cells. 

25 Unlike PLL, both high molecular weight branched and linear polyethyleneimine 

(PEI) show efficient gene transfer efficiencies without the need for endosomolytic or 
targeting agents (Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix 
B, Behr JP. A versatile vector for gene and oligonucleotide transfer into cells in culture 
and in vivo: polyethylenimine. Proc Natl Acad Sci USA. 1995 Aug 1;92(16):7297-301). 

30 Positively charged PEI polyplexes are endocytosed by cells, and PEI is also believed to 
facilitate endosomal escape due to its high density of secondary amines and tertiary amines. 
Unfortunately, higher molecular weight PEI has also been reported to be toxic to cells, 
which severely limits the potential for using PEI as a gene delivery tool in applications to 
human patients. 
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A range of polyamidoamine dendrimers has been studied as gene-delivery systems 
(Eichman JD, Bielinska AU, Kukowska-Latallo JF, Baker JR Jr. The use of PAMAM 
dendrimers in the efficient transfer of genetic material into cells. Pharm. Set TechnoL 
Today. 2000 Jul; 3(7): 232-245) . Terminal amino groups bind DNA by electrostatic means, 
5 forming positively charged complexes, which are taken up by endocytosis. There are 
advantages associated with the star shape of the polymer, as DNA appears to interact with 
the surface primary amines only, leaving the internal tertiary amines available to assist 
endosomal escape of the dendrimer-gene complex. Unfortunately, dendrimers have also 
been reported to be toxic to cells, which is the major limitation for its application in human 
10 patients. In addition, only polyamidoamine dendrimers with high generation showed 
practicable gene transfection efficiency, but the cost of preparing these polymers is very 
high. 

The primary concern regarding gene carrier applications in medical gene therapy is 
safety and the potential of harm to cells, and then transfection efficiency. The large 

15 molecular weight cationic polymers described above that are required for efficient gene 
delivery usually show the inherited drawback of being toxic to the cells. On the other 
hand, although the low molecular weight cationic polymers or oligomers usually show less 
or no cytotoxicity, they also showed no significant gene transfection efficiencies. One of 
the strategies to solve this conflict is to synthesize a biodegradable cationic polymer that 

20 will be degraded to small molecules after the genes have been delivered into nucleic of the 
desired cells. 

Recently, it has been reported that gene carriers made with degradable 
cationic polymers successfully transfer genes into mammalian cells with dramatically 
decreased cytotoxicity (Lim YB, Kim SM, Lee Y, Lee WK, Yang TG, Lee MJ, Suh H, Park 

25 JS, J., Cationic Hyperbranched Poly(amino ester): A Novel Class of DNA Condensing 
Molecule with Cationic Surface, Biodegradable Three-Dimensional Structure, and Tertiary 
Amine Groups in the Interior, J. Am. Chem. Soc, 123 (JO), 2460 -2461, 2001 ). However, 
the lower gene transfer efficiency compared to non-degradable polymeric backbones may 
be due to the rapid degradation of these polymers in aqueous solution resulting in rapidly 

30 lost gene transfer efficiency during gene delivery reagent preparation or before the gene are 
delivered into the cells. The difficulty of controlling degradation rate and synthesizing 
biodegradable cationic polymers limits these polymeric gene carrier applications in in vivo 
gene delivery and in clinical patients. 
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To improve the transfection efficiency of low molecular weight PEL, Gosselin et al. 
(Gosselin, Micheal A., Guo, Menjin, and Lee, Robert J. Efficient Gene Transfer Using 
Reversibly Cross-Linked Low Molecular Weight Polyethylenimine. Bioconjugate Chem. 
2001. 12:232-245), reported that the high molecular weight PEI could be achieved by using 
5 disulfide-containing linkers, Dithiobis(succinimidylpropionate) (DSP) and Dimethyl-3 5 3'~ 
dithiobispropionimidate-2HCl (DTBP) and the resulting polymers showed comparable 
gene transfection efficiency and lower cytotoxicity. Since the cytoplasmic environment is 
markedly reducing, it is reasonable to expect that disulfide bonds introduced via cross- 
linking reagents will be reduced within the cytoplasm, resulting in the breakdown of PEI 

10 conjugates before genes are delivered into nucleus in which DNA transcription occurs. 
However, the disulfide-containing linkers used by Gosselin et al. are expensive, which 
makes large-scale preparation of this system difficult and undesirable. The polymers with 
disulfide-containing linkers are only degraded under reducing conditions, which limits 
polymer applications in other conditions. Furthermore, Gosselin et al. only discloses the 

15 use of branched PEI-800 Da, which may still show cytotoxicity if a large amount of the 
polymers are used in human body. In addition, by Gosselin' s method, it is difficult to 
obtain polymers having significant gene transfer efficiency if the starting materials are low 
molecular weight cationic compounds (such as pentaethylenehexamine, N-(2-aminoethyl)~ 
1 ,3-propanediamine). 

20 Lynn, et al. (Lynn, David A.; Anderson, Daniel G; Putnam, David; and Langer, 

Robert. Accelerated Discovery of Synthetic Transfection Vectors: Parallel Synthesis and 
Screening of a Degradable Polymer Library. J. Am. Chem. Soc. 2001, 123, 8155-8156.) 
describes a method of synthesizing biodegradable cationic polymers using diacrylates as 
linker molecules between cationic compounds. However, the resulting polymers are linear 

25 and have a low cationic density, which is insufficient to condense DNA. Synthesis of these 
polymers requires days to complete and the amount of effective product, which can be used 
in gene delivery, is low. More than one hundred cationic polymers were produced 
according to the methods of Lynn et al., but only two of these polymers showed effective 
gene transfection efficiency. These factors make the preparation of high molecular weight 

30 polymers by this method difficult to achieve. 

Summary of the Invention 
There is a need for polymeric transfection vectors which are high molecular weight 
cationic polymers for efficiently delivering genetic materials, but which are controllably 
degradable in order to minimize cytotoxicity and cell damage. Although the majority of 
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the description describes degradable polymers, this does not exclude the use of 
substantially non-degradable polymers. 

One embodiment of the invention is a method of synthesizing controllably 
degradable cationic polymers, as well as a variety of biodegradable polymers. 
5 Biomolecules, such as nucleic acids and peptides, as well as synthetic drugs and other 
molecules can be conjugated to or complexed by the polymer, thus providing a delivery 
mechanism for the molecules of interest. Time- and spatial-controlled degradation of the 
polymers provides for highly efficient transfection of eukaryotic cells, particularly higher 
eukaryotic cells, with the molecules of interest while minimizing cell damage. 

10 A further embodiment provides a simple method for transforming lower molecular 

weight cationic compounds or oligomers into efficient transfection materials with low 
cytotoxicity. In a preferred embodiment, one synthesis step completes the whole synthesis 
procedure under mild conditions and very short time. Therefore, it is easily scaled up for 
manufacturing and laboratory use at very low cost, since most of the starting materials for 

15 this synthesis method are commercially available. 

Furthermore, the polymer synthesis method is highly effective. Transfection 
efficiency observed for polymers according to the preferred embodiment is high relative to 
other commercial polymeric gene carriers mediated transfection. 

The polymer synthesis methods described herein are flexible in regard to the types 

20 of molecules which can be used to make high molecular weight polymers. Any cationic 
oligomer or compound with at least three amine groups could be used as a starting material 
to make useful polymeric gene carrier reagents with the addition of a linker molecule. The 
linker molecules in this invention contain hydrolyzable bonds. They may also contain 
other physically, biologically or chemically controllably cleavable bonds, such as reducible 

25 bonds, a peptide with enzyme specific cleavage sites, or physically or chemically sensitive 
bonds, such as optically sensitive, pH sensitive, or sonic sensitive molecules. The 
degradation of polymers of the present invention may be achieved by methods including, 
but not limited to, hydrolysis, enzymatic digestion, sonication, and physical degradation 
methods, such as photolysis. 

30 The polymer synthesis methods described herein provide a useful method to easily 

make a polymer library for optimization of the reaction conditions for specific applications. 
These methods can also be used to synthesize polymer libraries for designing and screening 
for a polymer that has the researcher's desired characteristics, such as a specific 
degradation rate. 
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The polymer synthesis method also provides a useful method to easily incorporate a 
peptide, a sugar or a protein into a synthesized polymer by simply cross-linking the cationic 
compound with a linker or linkers that contain the functional group(s) of interest. The 
ligands also can be introduced into the synthesized polymers by conventional methods, 
5 such as a disulfide-containing group. Nucleic acids, peptides, drugs, other functional 
groups etc. can be conjugated/bound to the polymers by any method known to those of skill 
in the art. 

Further preferred embodiments include biodegradable cationic polymers with 
controllable degradation rates, which exhibit high gene transfection efficiencies and low 
10 cytotoxicities compared to commercially available transfection reagents, such as 
lipofectamine (Invitrogen) and SuperFect (Qiagen). The degradation of polymers 
synthesized by methods described herein can be easily controlled by simply adjusting the 
ratio of molecules in the polymer composition or by changing various linker molecules. 

In accordance with one preferred embodiment, there is provided a degradable 
1 5 cationic polymer comprising a plurality of cationic molecules and at least one degradable 
linker molecule connecting said cationic molecules in a branched arrangement. The 
cationic molecules are selected from the group consisting of: 
(i) a cationic compound of formula 1 : 



20 



Ri 



s 

-N 



R 2 - 



R 4 



Formula 1 



wherein: 

Ri is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 

R 2 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
25 atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R 3 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R4 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 
30 R5 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 

atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 
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(ii) a cationic polyamino acid; and 

(iii) a cationic polycarbohydrate; 

5 The degradable linker molecule is represented by the formula: 

CU 

wherein C is a spacer moiety that is a straight or branched alkyl or heteroalkyl group of 2 to 

10 carbon atoms, or aryl or heteroaryl group with 5 to 30 atoms, may contain ether, ester, 

amide, imide, carbonyl groups with or without heteroatoms; L is an acrylate or 
10 methacrylate moiety, and n is an integer greater than or equal to two; and wherein C and L 

are bound covalently. 

In accordance with another preferred embodiment, there is provided a biomaterial 

delivery system comprising at least one biomolecule, a degradable cationic polymer, as 

described above, having an affinity for the biomolecule, and at least one delivery enhancing 
15 agent, which can be internalized into a eukaryotic cell, that can facilitate receptor 

recognition, internalization, escape of the biomolecule from the endosome, nucleus 

localization, biomolecule release, or system stabilization in said eukaryotic cell. 

In accordance with another preferred embodiment, there is provided a medical 

diagnostic system comprising an image contrast agent, the degradable cationic polymer, as 
20 described above, wherein the polymer has affinity for biomolecules, and a ligand, antibody, 

or agent of interest that recognizes a specific receptor of a eukaryotic cell, tissue, or organ, 

wherein said ligand, antibody, or agent is coupled with said degradable cationic polymer. 

In accordance with another preferred embodiment, there is provided a 

pharmaceutical composition comprising a sensitizer agent that can be functionally triggered 
25 by light or other physical stimulators, and the degradable cationic polymer, as described 

above, wherein said polymer has affinity for biomolecules. 

Brief Description of the Drawings 
As used in the following figures, different cationic polymers of the present 

invention are represented by CmLn, where Cm represents a cationic compound shown in 
30 Table 1 and Ln represents a linker molecule as shown in Table 2. For example, C1L4 

represents a cationic polymer comprising cationic compound CI of Table 1 and linker 

molecule L4 of Table 2. 
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Figure 1 is an illustration of the synthesis and degradation of the degradable 
cationic polymers. C C represents a cationic compound or a cationic oligomer, and C L 5 
represents a linker molecule. 

Figure 2 illustrates the DNA binding affinity of oligomer C3, polymers C3L1 and 
5 C4L1. The polymer/DNA weight ratios are shown as 16, 8, 4, 2, 1 and 0.5, and free DNA 
(control without polymer) is shown as having the polymer/DNA weight ratio of 0. M 
indicates a 1 kb DNA molecular marker. 

Figure 3 shows the electrophoresis pattern of some cationic oligomers and 
polymers. Lanes 1-3 are branch PEI, molecular weights 25KD, 10KD and 1.8KD, 
1 0 respectively. C3 is branched PEI 6 ood 5 PLL is poly-L-lysine with molecular weight of 30KD, 
and C3L1 is a polymer derived from C3 and LI. 

Figure 4 illustrates the green fluorescent protein (GFP) gene transfection efficiency 
of different polymers at 24 hours after transfection, with Y axis indicates the polymer/DNA 
weight ratios used in transfection. 
15 Figure 5 illustrates the GFP signal observed after 293 cells were transfected with 

GFP gene using the degradable cationic polymers and commercially available transfection 
reagents. 

Figure 6 illustrates luciferase activity in 293 cells at 24 hours after pCMV-Luc gene 
transfection using various polymers. 
20 Figure 7 illustrates cell survival after treatment with different polymer-DNA 

complexes. 

Figure 8A illustrates the molecular weight change of C3L1 by means of agarose gel 
electrophoresis after C3L1 was incubated at 37°C for 0h(A), 6h(B), 12h(C), ld(D), 2d(E), 
3d(F), 4d(G), and 6d(H). Lane 1 contains branched PEI 1 0K 3 and lane 2 contains branched 
25 PEI25K. Lane 3 and 4 contain C4 and C3, respectively. 

Figure 8B illustrates the GFP gene transfection efficiency by using C3L1, after 
C3L1 was incubated at 37°C for Oh, 6h, 12h, Id, 2d, 3d, 4d, and 6d. 

Figure 9A illustrates the molecular weight change of C3L2 by means of agarose gel 
electrophoresis after C3L2 was incubated at 37°C for 0(A), 6h(B), 12h(C), ld(D), 2d(E), 
30 3d(F), 4d(G), and 6d(H). Lane 1 contains BPEI10K and lane 2 contains C3. 

Figure 9B illustrates the GFP gene transfection efficiency by using C3L2 and C3L1 
after their incubation at 37°C for Oh, 6h, 12h 5 Id, 2d, 3d, 4d, and 6d. 

Figure 10 illustrates the FITC signal after ODN was delivered by different polymers 
and illustrates the transfection efficiency of ODN by different polymers. 
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Figure 11 provides some examples of cationic molecules that may be used 
according to preferred embodiments described below. However, cationic molecules which 
maybe used are not limited to these examples. 

Figure 12 provides some examples of linker molecules that maybe used according 
5 to preferred embodiments described below. However, linker molecules which may be used 
are not limited to these examples. 

Figure 13 provides some examples of other ammo-reactive residues that may be 
used besides (meth)acrylate groups, according to preferred embodiments described herein. 
However, reactive residues which may be used are not limited to these examples. 

10 Figure 14 is a graphical representation of the percentage of cells into which the GFP 

gene has been transfected by different polymers (CmLn), and protein expression has 
occurred. Various combinations of cationic compounds and linkers were used to make the 
cationic carrier polymers. However, cationic carrier polymers which may be used are not 
limited to these examples. 

15 Detailed Description of the Preferred Embodiment 

A degradable cationic polymer for delivery of biomolecules (nucleic acids, 
peptides, etc.), drugs, molecules used in medical imaging applications, sensitizing agents 
used in cancer treatments, and molecules used in tissue engineering is described herein. A 
method for synthesizing these polymers is also provided. 

20 According to a preferred embodiment, a cationic oligomer or any molecules 

containing amino groups with more than three reactive sites can be used. These lower 
molecular weight cationic compounds or oligomers usually exhibit no or very low 
transfection efficiency when used as a carrier for gene or nucleic acid transport into cells. 
However, they do have low or no cytotoxicity in comparison to higher molecular weight 

25 carriers, which have high transfection efficiencies. Biodegradable cationic polymers 
typically exhibit low cytotoxicity, but also low transfection efficiency due to rapid 
degradation, making them less competitive against other carriers for gene transfer and other 
applications. These degradable cationic polymers improve transfection efficiency by 
linking low molecular weight cationic compounds or oligomers together with degradable 

30 linkers. The linker molecules may contain biologically, physically or chemically cleavable 
bonds, such as hydrolyzable bonds, reducible bonds, a peptide sequence with enzyme 
specific cleavage sites, pH sensitive, or sonic sensitive bonds. The degradation of these 
polymers may be achieved by methods including, but not limited to hydrolysis, enzyme 
digestion, and physical degradation methods, such as optical cleavage_(photolysis). 
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Additionally, the degradable polymers may be conjugated to or associated with a 
viral or non-viral protein to enhance transfection efficiency. For example, vesicular 
stomatitis virus G protein (VSVG) and other peptides or proteins which are known to those 
of skill in the art may be added to the polymers in order to improve transfection efficiency. 
5 One of the most attractive features of the polymers described herein is that 

degradation of the polymers is controllable in terms of rate and site of polymer degradation, 
based on the type and structures of the linkers. 

Cationic oligomers, such as low molecular weight polyethyleneimine (PEI), low 
molecular weight poly(L-lysine) (PLL), low molecular weight chitosan, and low molecular 
10 weight PAMAM dendrimers, can be used to make the polymers described herein. 
Furthermore, any molecule containing amines with more than three reactive sites can be 
used. Cationic compounds may be selected from, but are not limited to: 

(i) a cationic compound of formula 1 : 



15 



R 4 



Formula 1 



wherein: 

Ri is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 

R2 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
20 atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R3 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R4 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 
25 R 5 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 

atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1; 

(ii) a cationic polyamino acid; and 

(iii) a cationic polycarbohydrate; 

Examples of such cationic molecules include, but are not limited to, the cationic 
30 molecules shown in Figure 1 1 and Table 1 . 
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Table 1 : Structures of cationic compounds and oligomers according to preferred 

embodiments of the invention 



Symbol 


Name 


Structure 


CI 


Pentaethylenehexamine 




C2 


Linear polyethylenimine ( 
Mw=423) 




C3 


Branched 

polyethylenimine 

(Mw=600^ 


IS 

N-\_..> ' 
J NH * 
H 2 N 


C4 


Branched 

p oi y e iny lemmme 

(Mw=1200) 


C5 


N,N 9 -Bis(2-aminopropyl)- 
ethylenediamine 


H 


C6 


Spermine 


H 


/ 


N-(2-aminoethyl> 1 ,3 - 
propanediamine 


H 


C8 


N-(3 -aminopropyl)- 1 3 3 - 
propanediamine 


H 2 


C9 


N,N' -Bis(2-aminoethyl)- 
1 , 3 -prop anedi amine 


H H 

H 2 N"^^ N \^\/ N ^"^NH 2 


C9 


N,N'-Bis(2-aminoethyl)- 
1 , 3 -prop anedi amine 


H H 




Poly(amidoamine) 
Dendrimer 


PAMAM (2 G) 


Cll 


Polvf nronvleneimine^ 
dendrimer 


DAB-Am-16 (3 G) 


C12 


Spermidine 


H 


C13 


1 ? 4-Bis(3 -aminopropyl) 
piperazine 


H 2 N N^^N^^/\^ N H 2 


C14 


l-(2- 

Aminoethyl)piperazine 




CIS 


Tri(2-aminoethyl)amine 


H 2 N-\ ^^/NH 2 

<> 

NH 2 


C16 


Poly(L-lysine) 
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Cationic polymers used herein may comprise primary or secondary amino groups, 
which can be conjugated with active ligands, such as sugars, peptides, proteins, and other 
molecules. In a preferred embodiment, lactobionic acid is conjugated to the cationic 
polymers. The galactosyl unit provides a useful targeting molecule towards hepatocyte 
5 cells due to the presence of galactose receptors on the surface of the cells. In a further 
embodiment, lactose is conjugated to the degradable cationic polymers in order to 
introduce galactosyl units onto the polymer. 

Degradable linking molecules include, but are not limited to, di- and multi- 
acrylates, di- and multi-methacrylates, di- and multi-acrylamides, di- and multi- 

10 isothiocyanates, di- and multi-isocyanates, di- and multi-epoxides, di- and multi- 
aldehydes, di- and multi-acyl chlorides, di- and multi-sulfonyl chlorides, di- and multi- 
halides, di- and multi-anhydrides, di- and multi-malemides, di- and multi-carboxylic acids, 
di- and multi-a-haloacetyl groups, and di- and multi-N-hydroxysuccinimide esters, which 
contain at least one biodegradable spacer. The following formula describes a linker which 

1 5 may be used according to preferred embodiments: 

CL n 

wherein C is a spacer moiety that is a straight or branched alkyl or heteroalkyl group of 2 to 
10 carbon atoms, or aryl or heteroaryl group with 5 to 30 atoms, may contain ether, ester, 
amide, imide, carbonyl groups with or without heteroatoms; L is an acrylate or 
20 methacrylate moiety, and n is an integer greater than or equal to two; and wherein C and L 
are bound covalently. Several examples of linker molecules have been provided in Figure 
12, however other embodiments of these molecules have been envisioned and have been 
described herein. 

Several embodiments of reactive residues of the linker molecules have been 
25 illustrated in Figure 13, however these examples are not limiting to the scope of the 
invention. Reactive residues may be selected from, but are not limited to, acryloyl, 
maleimide, halide, carboxyl acylhalide, isocyanate, isothiocyanate, epoxide, aldehyde, 
sulfonyl chloride, and N-hydroxysuccinimide ester groups or combinations thereof. Other 
embodiments of the linker and cationic molecules have been disclosed herein. Table 2 
30 contains linkers used in preferred embodiments of the invention. 
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Table 2: Structures of biodegradable linker molecules used in preferred 
embodiments of the invention 



Symbol 


Name 


Structure 


LI 


1 5 J -JjULalieQlOl 

diacrylate 


o o 

H 2 C=HC-C-0"CHCH 2 CH2-0-C-CH=CH 2 
CH 3 


L2 


2-Methyl-2,4- 
pentanediol diacrylat 


O CH 3 O 
H 2 C=HC~C-0-CHCH 2 C — 0-C-CH=CH 2 

UH 3 LM 3 


L3 


Trimethylolpropane 
triacrylate 


CH 3 CH 2 CHOCH 2 -C-CH=CH 2 ) 


L4 




O U 

— AcH 2 ~CH 2 ~C— O — CH 2 CH 2 CH — 0 _ C-H 2 C— H 2 C — N \— 

V CH 3 (CH 2 ) 2 > n 

o 

I 

n: about 10 ^C-CH=CH 2 
O 


L5 


2 5 4-Pentanediol 
diacrylate 


O O 

H 2 C=HC-C-0-CHCH 2 CH-0-C-CH=CH 2 
CH 3 CH 3 


L6 


Pentaerythritol 
tetraacrylate 


0 

C-(CH 2 0-C— CH=CH 2 ) 4 


L7 


Dipentaerythritol 
penLaaoryiate 


O 

iH 2 C=HC— C-OH 2 Ci h, H-> 9 
V J^C-C-0-C-C-(CH 2 0-C-CH=CH 2 ) 3 
HOH 2 CT V 7 3 


L8 


Di(trimetliylolprop 
ane) tetraacrylate 


O O 
H 2 C=HC— C-OH 2 C x H2 CH 2 0-C— CH=CH 2 

C 2 H 5 — -p— CH2-O-C— C— C 2 H 5 
H 2 C=HC~C-OH 2 C CH 2 0-C-CH=CH 2 

O O 


L9 


1,4-Butanediol 
diacrylate 


O O 
H 2 C=HC-C-0-CH 2 CH 2 CH 2 CH 2 -0-C-CH=CH2 


t m 


1,6-Hexanediol 
diacrylate 


O O 
ii M 
H 2 C=HC-C-0-CH 2 (CH2)4CH2-0-C-CH=CH 2 


Lll 


Di(ethylene glycol) 
diacrylate 


O O 
H 2 C=HC~C-0-CH2CH20CH 2 CH2-0-C-CH=CH2 


L12 


Poly(ethylene 
glycol) diacrylate 


O O 
H 2 C=HC-C-0~(CH 2 CH 2 0) n — C-CH=CH 2 


L13 


2,5-Dimethyl-2,5- 

hexanediol 

diacrylate 


O CH 3 CH 3 p 

H 2 C=HC-C-0-CCH 2 CH 2 C 0~C--CH=CH 2 

CH 3 CH 3 



The degradation rates of the polymers can be controlled by changing the polymer 
5 composition, feed ratio, and the molecular weight of the polymers. For example, when 
linkers with bulkier alkyl groups are used as linkers, the polymers will degrade slower. 
Also, increasing molecular weight will cause a decrease in the degradation rate in some 
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cases. Degradation rates of the polymers may be controlled by adjusting the ratio of 
cationic polymer to linker or by changing the various degradable linker molecules. 

In a further embodiment of the present invention, non-degradable cationic polymers 
may be produced. The linker molecule(s) between the cationic compounds of these 
5 polymers is/are not degradable by the methods described herein. 

Acrylate linkers are much cheaper than disulfide-containing linkers, because 
synthesis of the disulfide-containing linkers is more difficult. Acrylate linkers can be 
hydrolyzable in any water solution, therefore a polymer containing acrylate linkers can be 
degraded in various environments as long as it contains water. Thus, polymers containing 

10 acrylate linkers have broad applications compared to disulfide-linker-containing polymers. 
In addition, the degradation rate of polymers with disulfide-linkers are usually the same, 
but the degradation rate of polymers synthesized with acrylate linkers can vary depending 
on the different acrylate linkers used. 

The synthesis methods described herein to make cationic polymers are simple and 

1 5 relatively low in cost. A library of biodegradable cationic polymers can be obtained using 
different combinations of cationic compounds or oligomers and linker molecules, or by 
changing ratios of cationic compounds to linkers. The physical and chemical properties of 
the polymers in this library can be adjusted by using different combinations of cationic 
compounds and linkers or changing the ratio of cationic compounds to linker molecules. 

20 The polymers of this library can be used as degradable gene carriers to introduce plasmid 
DNA and antisense oligo-DNA of interest into cells. The GFP transfection results as 
shown in Figure 14 indicate that more than 50% of these polymers can effectively deliver 
the GFP gene into cells and result in expression of the protein. 
Example 1 

25 Synthesis Overview 

Synthesis of branched or slightly cross-linked biodegradable cationic polymers is 
illustrated in Figure 1 . This synthesis method can be used for preparation of large libraries 
of branched or slightly crosslinked biodegradable cationic polymers. Degradation of the 
cationic polymers of the present invention is also illustrated. 

30 In Figure 1, C represents an amine-containing cationic compound or oligomer with 

at least three reactive sites (for Michael addition reaction), and L represents a compound 
having at least two acrylate groups. The reaction between C and L takes place under very 
mild conditions in organic solvents After reaction, the polymers can be recovered by two 
different methods. In the first method, the polymers were recovered by direct removal of 
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the solvents at reduced pressure. In the second method, the polymers were neutralized by 
adding acid, such as hydrochloric acid, and the neutralized polymers were recovered by 
filtration or centrifugation. Branched or slightly cross-linked, water soluble polymers with 
high molecular weight can be obtained by controlling the ratio of C to L, reaction time, 
5 reaction temperature, solvents, and concentration of the solutes. 

Example 2 

Polymers prepared by crosslinking cationic oligomers with diacrylate linkers, 
recovered by direct removing solvents 

10 Synthesis of high molecular weight cationic polymers according to the present 

invention may be performed by a variety of methods know to those of ordinary skill in the 
art. The synthesis of a polymer which is derived from polyethylenimine oligomer with 
molecular weight of 600 (PEI-600) and 1,3-butanediol diacrylate (l 5 3-BDODA) is provided 
as a general procedure to serve as a model for other synthetic procedures involving similar 

15 compounds which can be used to synthesize a series of degradable cationic polymers. 0.44g 
of PEI-600 (Aldrich) was weighed and placed in a small vial, and 6 ml of methylene 
chloride was added. After the PEI-600 completely dissolved, O.lg of 1,3-BDODA in 2 ml 
of methylene chloride was added slowly into the PEI solution while stirring. The reaction 
mixture was stirred for 10 hours at room temperature. After removing the organic solvent 

20 under reduced pressure, 0.55g of transparent, viscous liquid was obtained. X H-NMR 
spectrum indicated that the acrylic carbon-carbon double bond disappeared completely. 
The molecular weight of the obtained polymer was estimated by agarose gel 
electrophoresis. Other branched or slightly crosslinked, degradable cationic polymers 
derived from other cationic oligomers and other linkers having structures similar to those 

25 used herein were prepared in a similar manner. 
Example 3 

Polymers prepared by crosslinking cationic oligomers with diacrylate linkers, 
recovered after neutralization with acid 

The synthesis of a polymer which is derived from PEI-600 and 1,6-hexanediol 
30 diacrylate (1,6-HDODA) is provided as a general procedure to serve as a model for other 
synthetic procedures involving similar compounds which can be used to synthesize a series 
of degradable cationic polymers. To a 20ml small vial, 0.43g of PEI-600 in 2ml of 
methylene chloride was added by using pipette or syringe. 0.23g (l.Ommol) of 1,6- 
HDODA were quickly added to the above PEI-600 solution under stirring. The 

-15- 



WO 03/097107 



PCT/US03/15003 



concentration of PEI-600 in the reaction solution was adjusted to O.lg/ml by adding more 
methylene chloride. The reaction mixture was stirred for 5 hours at room temperature 
(25°C). Then, the reaction mixture was neutralized by adding 2.5 ml of 4M HCL The white 
precipitate was filtered, washed with methylene chloride, and dried at room temperature 
5 under reduced pressure. The obtained polymer was characterized with NMR spectrometer 
and agarose gel electrophoresis. Other cationic oligomers, such as polypropyleneimine and 
other polyalkyleneimines having structures similar to those used herein were used to 
prepare the other different degradable cationic polymers by in a similar manner. 

10 Example 4 

Polymers prepared by crosslinking cationic oligomers with multi-acrylate linkers 
Acrylate type linkers with three or more than three acrylate groups can be used to 
crosslink the cationic oligomers as mentioned in examples 2 and 3. But, compared to 
diacrylate linkers, lower molar ratio of linker to cationic oligomer is needed when linkers 

15 with three or more acrylate groups are used. The crosslinking reaction of PEI-600 with 
trimethylolpropane triacrylate (TMOPTA) is provided as a general procedure to serve as a 
model for other synthetic procedures involving similar compounds. To a solution 
containing 0.43g of PEI-600 in 2ml of methylene chloride, 0.13g (0.44mmol) of TMOPTA 
in 2ml of methylene chloride was quickly added under stirring. The concentration of PEI- 

20 600 in the reaction solution was adjusted to O.lg/ml by adding more CH2CI2. The reaction 
mixture was stirred for 5 hours at room temperature (25°C), and the polymer was recovered 
by the same method as in example 3. Polymers prepared by crosslinking other 
polyalkyleneimines with other multi-acrylate linkers having structures similar to those used 
herein were prepared in a similar manner. 

25 

Example 5 

Polymers prepared by crosslinking PAMAM oligomers with aciylate linkers 
Poly(amido-amine) dendrimers (PAMAM) with terminated primary or secondary 
amino groups were used as cationic oligomers to prepare the degradable cationic polymers 
30 by the method of present invention. Mixed solvent of methanol and methylene chloride was 
used as a solvent in order to make a homogeneous solution. O.lg of PAMAM (second 
generation, 0.39mmol of primary amino groups) was dissolved in a mixed solvent of 0.5ml 
of methanol and 1.0ml of methylene chloride. To this solution, 40mg of 1,3-BDODA in 
lml of methylene chloride were added under stirring. After stirring at 5°C for lOh, 0.25ml 
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of 2M HC1 were added to the reaction mixture. The polymer was recovered by 
centrifugation and dried under reduced pressure at room temperature. The polymers 
derived from PAMAM oligomer and other acrylate linkers having structures similar to 
those used herein were prepared in a similar manner. 

5 

Example 6 

Polymers prepared by crosslinldng poly(amino acid) oligomers with aciylate 

linkers 

0.1 lg of poly(L-lysine) hydrobromide oligomer (Mw: 1000-3000) and 50mg of 
10 triethylamine were dissolved in 1.0ml of dry DMSO. To the above solution, 42mg of 2,4- 
pentanediol diacrylate (2,4-PDODA) in 1.0ml of dry DMSO were added quickly. After 
stirring at room temperature for 6 hours, the pH value of the reaction mixture was adjusted 
to 4.5 by adding 0.5M of HC1 aqueous solution. The polymer was purified through dialysis 
in HC1 aqueous solution (pH: 4.0, 4°C) by using a tubing with MWCO of 3000, and 
15 recovered by freeze-drying method. The polymers derived from other poly(amino acid) 
oligomers, which contain more than three primary or secondary amino groups, and other 
acrylate linkers having structures similar to those used herein were prepared in a similar 
manner. 

20 Example 7 

Polymers prepared by crosslinldng multi-amines with acrylate linkers 
Besides the cationic oligomers as used from example 2 to example 6, multi-amines 
with low molecular weights can also be used to prepare the degradable cationic polymers 
by the crosslinking method of present invention. The crosslinking reaction of 

25 pentaethylenehexamine (PEHA) with di(trimethylolpropane)tetraacrylate (DTMOPTA) is 
provided as a general procedure to serve as a model for other synthetic procedures 
involving similar compounds. 0.23 g of PEHA was weighed into a small vial containing 
2ml of methylene chloride. After PEHA completely dissolved, 0.28g of DTMOPTA in 1 
ml of methylene chloride was added slowly into the above solution under stirring. Another 

30 2ml of methylene chloride were added. After stirring for 8 hours at room temperature, the 
reaction mixture was neutralized by adding 2 ml of 4M HC1. The polymers was recovered 
by direct removal of the organic solvents, and then dried at reduced pressure at room 
temperature. The polymers derived from other multi-amines and acrylate linkers having 
structures similar to those used herein were prepared in a similar manner. 
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Example 8 

A library of degradable cationic polymers prepared by crosslinking cationic 
oligomers or compounds with aery late linkers 
5 Based on the procedures as described from example 2 to example 6, a library of 

branched or slightly cross-linked, water soluble, degradable cationic polymers were 
prepared from different cationic oligomers or compounds and different linkers. The 
cationic oligomers or compounds and the linkers used in the present invention are shown 
in, but are not limited to, Table 1 and Table 2, respectively, and the polymers prepared in 
10 the present invention are shown in, but are not limited to, Table 3. The properties of the 
polymers were adjusted by controlling the ratio of cationic compound to linker, reaction 
time, reaction temperature, solvents, and concentrations of the solutes. Some of these 
polymers were evaluated by GFP reporter gene transfection efficiency (Figure 1 1) 

Table 3 Polymers prepared bv using different cationic compounds and linkers 
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Example 9 

Substantially Non-degradable cationic polymers prepared by crosslinking cationic 
oligomers with diepoxide linkers 

20 The synthesis of a polymer prepared by crosslinking PEI-600 with glycerol 

diglycidyl ether is provided as a general procedure to serve as a model for other synthetic 
procedures which can be used to prepare a series of non-degradable cationic polymers. 
0.43g of PEI-600 and 0.37g of glycerol diglycidyl ether were dissolved in 7.0ml of 
methanol. The reaction solution was stirred at 40°C for 48h. After cooling to room 

25 temperature, 2.5 ml of 4M HC1 (in dioxane) were added to the reaction solution, causing 
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appearance of white precipitate. The polymers were recovered by centrifugation and dried 
at room temperature under reduced pressure. The obtained polymer was characterized with 
NMR spectrometer and agarose gel electrophoresis. Polymers prepared by crosslinking 
other cationic oligomers with other diepoxide linkers were prepared in a similar manner. 

Example 10 

Substantially Non-degradable cationic polymers prepared by crosslinking multi- 
amines with multi-epoxide linkers 

The synthesis of a polymer prepared by crosslinking N,N'-Bis(2-aminopropyl)- 
ethylenediamine (BAPEDA) with trimethylolpropane triglycidyl ether (TMOPTE) is 
provided as a general procedure to serve as a model for other synthetic procedures 
involving similar compounds. 0.1 8g of BAPEDA and 0.24g of TMOPTE was dissolved in 
3.0ml of methanol. The reaction solution was stirred at 35°C for 74h hours. After cooling to 
room temperature, 1.0 ml of 4M HC1 (in dioxane) were added to the reaction solution, and 
the precipitated polymers were recovered by removing the solvents under reduced pressure. 
The obtained polymer was characterized with NMR spectrometer and agarose gel 
electrophoresis. Polymers prepared by crosslinking other multi-amines with other multi- 
epoxide linkers were prepared in a similar manner. 

Example 1 1 

Conjugation of galactosyl unit onto the cationic polymers 

In one embodiment of the synthesis method, 102 mg of polymer C3L5 and 50 mg of 
lactobionic acid were added to 10 ml of water, which was adjusted to pH 5.5 by adding 
aqueous Na 2 C0 3 . Twenty-five (25) mg of l-[3-dimethylamino)propyl]-3-ethyl 
carbodiimide was added under vigorous stirring. After stirring for five (5) hours at room 
temperature, the reaction solution was dialyzed in water (pH=3.5) for 24 hours. The 
galactose-conjugated polymer was recovered by freeze-drying and was characterized by 
NMR spectrometer. 

Exam ple 12 

DNA retardation experiment 

Binding and condensing DNA is the first step of the cationic polymer-mediated 
gene transfection process. A DNA retardation experiment is commonly used to determine 
polymer DNA binding affinity. The polymers with poor DNA binding capacity usually 
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show low or no transfection efficiency. The experiment protocol is described as follows. 
Briefly, different ratios of polymer in lOjul DMEM (without serum and antibiotic) were 
added to 0.2|ug green fluorescent protein (GFP) plasmid in lOjal DMEM (without serum 
and antibiotic) drop by drop and while being vortexed. The resulting complexes were 
5 placed at room temperature for 15 minutes prior to electrophoresis. Five microliters (5jlx1) 
of loading dye was added to each complex, and 15pl of each mixture was loaded into each 
well, respectively. DNA complexes were analyzed by electrophoresis in a 0.3% agarose 
gel with 0.04 M Tris-acetate buffer, pH 7.4, containing ImM EDTA, at 100V for 30 
minutes. DNA was visualized by UV illumination. In the electric field, free DNA ran out 

10 from the well, and plasmid bands could be observed in the gel (line 0 of each samples, in 
Fig. 2). If the plasmid was completely packed by polymer, its migration will be completely 
inhibited, and no bands in the gel would be observed on the gel. However if the plasmid is 
not bound by the polymer the plasmid will travel out of the well and the bound plasmid or a 
smear can be observed in the gel. In this experiment, the DNA binding affinity of the 

15 starting cationic compounds or oligomers, pentaethylenehexamine(Cl), linear PEI 
423Da(C2), branch PEI 600Da(C3) and branch PEI 1200Da(C4) was very weak, even 
when polymer/DNA ratio was 16:1. Plasmid still leaked ( Fig. 2, C3). After cross-linking, 
all the polymers derived from the starting oligomers or cationic compounds according to 
the present invention showed high binding affinity. For example, DNA migration was 

20 completely inhibited by C3L1, when polymer/DNA ratio was 2:1 (Fig. 2, C3L1), and DNA 
migration was completely inhibited by C4L1 when polymer/DNA ratio was 4:1 (Fig. 2, - 
C4L1). The results in Figure 2 indicate that the polymers produced by the current 
invention increase DNA binding affinities. 

25 Example 13 

Estimate molecular weight of polymers by agarose gel electrophoresis 
Molecular weight is a key issue in determining DNA binding affinity and 
transfection efficiency. Higher molecular weight is required for high DNA binding 
affinity, as well as transfection efficiency. One of the important advantages of present 
30 invention is that it can make low molecular weight cationic oligomers or cationic 
compounds into larger molecular weight polymers. To evaluate the molecular range of 
polymers synthesized by present invention, an agarose gel electrophoresis assay was 
conducted. In this experiment, polymers were dissolved in 150mM NaCl solution to 
5mg/ml of final concentration. Twenty microliter (20|ul) samples were taken and mixed 
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with 2jal 50% glycerol and lul of Oregon red fluorescent dye for each well and loaded in 
0.6% agarose gel in TAE buffer. Electrophoresis was performed at 100 volts for 30 min., 
and the polymer molecular weights were analyzed by visualization of the fluorescent dye 
under UV light or by visualization after commassie blue staining. The polymer migration 
rates were dependent on the size of polymers. Generally, the low molecular weight 
polymers migrate faster in the agarose gel than high molecular weight polymers. In these 
experiments, branched PEI 25 k, PEIiok, PEIi.sk were used as polymer molecular weight 
standards in lane 1 to lane 3, respectively. Lane C3 is a cationic oligomer, PEI 0 .6K, as a 
starting material for synthesis of polymer C3L1. The results showed that the molecular 
weight of polymer C3L1 is much higher than its starting material, C3, compared to the 
molecular weight standard (Fig. 3). 

Example 14 

In vitro transfection 

Transfection protocols varied throughout these studies as indicated for individual 
experiments. The permanent cells (293 and HT1080 cells, ATCC) were plated in 24-well 
tissue culture plates (2X1 0 5 cells/well for 293 cells and 8X1 0 4 cells/well for HT1080) and 
incubated overnight in DMEM (Gibco) with 10% FBS (Gibco). The precise mixing order 
of the plasmid-polymer complex is an important parameter in the determining the outcome 
of transfection. For each well, an aliquot of 301 1 DMEM containing different amounts of 
the polymers was added into 30-i 1 DMEM solution containing 0.6i g of plasmid DNA, e.g. 
pCMV-GFP plasmid DNA or pCMV-luc, drop by drop while vortexing. The polymer- 
DNA solutions were incubated for 15 min. at room temperature to allow the formation of 
DNA-polymer complexes. One hundred-fifty microliters (15011) DMEM medium 
containing 10%FBS and antibiotics were add to the DNA-polymer complex, and then the 
mixtures were added to the cells in individual wells after the cells were washed with PBS. 
Cells were incubated (37°C, 7.5% C0 2 ) for 3 hrs., and then the medium was changed to 
DMEM medium containing 10%FBS and lOOU/ml Penicillin and lOOug/ml streptomycin. 
Twenty-four hours after transfection, GFP signal and firefly luciferase activities were 
detected using the methods described below. Lipofectamine and Superfect were used as 
positive control according to the protocol provided by manufacturer 

Novel Synthetic Polymer Mediated GFP Reporter Gene Transfection 
Green fluorescent protein (GFP) gene was used in the first screening. After 
transfection, the GFP signal in cells were observed under a fluorescent microscope 
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(Olympus, filter 515-550 nm). Cells were photographed using a 10X objective. The 
percentage of cells with GFP signal in transfected cultures was determined from counts of 
three fields for optimal cationic polymer amounts. It was found that the starting polymer, 
CI, C2, C3 and C4 showed almost no transfection efficiency. After cross-linking, the 
5 polymers derived from them showed high transfection efficiency. For example, the 
transfection efficiency of C4L1, C3L1, C3L2, C2L3, C1L3, C1L4 were around 45% to 
55%, better than LPEI 25 KDa (about 45%). 

Figure 5 shows the typical results derived from use of C3, C4 and C3L1, C4L1. C3 
and C4 showed almost no GFP signal in the tested cells at 24h after transfection. C4L1 and 

10 C3L1 showed very bright GFP signal, which were comparable to commercial transfection 
reagent lipofectamine (Gibco), and better than another commercial transfection reagent, 
Superfect (Qiagen). 

Novel Synthetic Polymer Mediated Lucif erase Reporter Gene Transfection 
Measurement of luciferase activity was performed using a chemiluminescent assay 

15 following the manufacturer's instructions (Luciferase Assay System; Promega, Madison, 
WI, USA). Briefly, thirty hours after gene transfer, the cells were rinsed twice with PBS 
and then were lysed with lysis buffer (1% Triton X-100, 100 mM K3PO4, 2 mM 
dithiothreitol, 10% glycerol, and 2 mM EDTA pH 7.8) for 15 min at room temperature. A 
10-i 1 aliquot of cell lysate was then mixed with 50-i 1 of luciferase assay reagent with 

20 injector at room temperature in the luminometer. Light emission was measured in triplicate 
over 10 seconds and expressed as RLUs (relative light units). Relative light units (RLU) 
were normalized to the protein content of each sample, determined by Coommassie Protein 
Assay (Pierce, Rockford, Illinois). All the experiments were conducted in triplicate. The 
results of transfection of 293, HT1080 with pCMV-luc using various transfection reagents 

25 are presented in Fig. 6. The results showed that C4, C3 and C2 have no transfection 
efficiencies; the luciferase activities were similar to background. After cross-linking, 
C3L1, C4L1 and C2L3 derived from those low molecular weight cationic compounds 
showed high transfection efficiencies. The luciferase activity of C4L1 was 1 .88* 10 6 , higher 
than branched PEI 25K and lipofectamine (luciferase activity was 1.58 and 1.28*10 6 

30 respectively), and it had 7.9 fold higher luciferase activity compared to linear PEI 25K. 
The results indicate that by using the present invention method, the transfection efficiency 
could be significantly improved, resulting in an excellent method of making new 
transfection reagents. 
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Example 15 

Novel Synthetic Polymer Toxicity to Cells 

The cytotoxicities of cationic gene carriers on mammalian cells were evaluated 
using a 3-[4 3 5 dimethylthiazol-2-yl]-2 9 5-diphenyltetrazoliutn bromide (MTT) method. 
5 Briefly, HT1080 cells, 2 x 10 4 cells/well or 4 x 10 4 293 cells, were seeded in 96-well plates 
and incubated for 16-24 hr. An aliquot of 15 (^1 DMEM, containing the polymers, was 
added drop by drop into 1 5 |ul DMEM containing 0.3 p,g plasmid and incubated at room 
temperature for 15 min to form polymeric-DNA complexes. Seventy-five microliters 
(75|lx1) of DMEM was added to the polymer-DNA complexes, and 50\x\ of the mixture was 

10 added to the cells and incubated (37° C, 7.5% C0 2 ) for 3h. The media was then removed 
and DMEM medium containing 10%FBS and lOOU/ml Penicillin and 100]ag/ml 
streptomycin were added. Following further incubation for 24 hrs, the media was removed 
and 101 1 of MTT solution (5.0 mg/ml, Sigma) was added to each well, and incubated for 3 
hrs. The medium was then removed and 200 i 1 DMSO was added to dissolve the formazan 

15 crystals. The absorbance of the solution was measured at 570 nm. Cell viabilities was 
calculated using the equation: Viability (%) = {Abs 5 7o (sample) /Abs 5 7o (control)} x 100. All the 
experiments were conducted in triplicate. The results indicated that the cytotoxicity of 
C4L1, C3L1, C2L3, C1L3 were lower than branched PEI 25K, as many more cells survived 
following transfection; the cytotoxicity for these polymers was similar to or lower than 

20 cytotoxicity caused by LPEI 25K (Fig. 7). The results indicate that the present invention 
method can be used to easily obtain synthetic cationic polymers with high gene transfection 
efficiency and lower cytotoxicity. 
Example 16 

Controllable Degradation of Synthetic Polymers 

25 In order to evaluate the degradation of novel synthetic cationic polymer, C1L3 

derived from PEI 600D, was incubated with PBS at 37°C for 6 hours (h), 12h, 1 day (d), 
2d, 3d, 4,d and 6d. Polymer degradation was evaluated by the gel profile of the molecular 
weight analysis (Fig. 8A), as well as transfection efficiency (Fig. 8B) before and after 
incubation. The data from the molecular weight assay showed that before incubation the 

30 molecular weight of C1L3 was high compared to the standard polymer, PEI25K. After 6 
hours of incubation at 37°C, polymers were degraded to low molecular weight oligomers, 
as indicated by the evidence that the polymer bands on the upper part of the gel gradually 
disappeared and a staining band at the bottom of the gel accumulated. Three days after 
incubation, most polymers appeared in low molecular areas, indicating that the polymers 
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were almost completely degraded (Fig. 8A). The results were correlative with the results of 
transfection efficiency, which showed that 3 days after incubation at 37°C, transfection 
decreased from 30% to 0 (Fig. 8B). 

Polymers with different degradation rates can be easily obtained by simply 
5 changing different types of linkers. For example, polymers C3L1 and C3L2, were 
synthesized from same cationic compound, branch PEI 600D (C3), but with different 
hydrolyzable linkers. C3L1 is synthesized using 1,3-butanediol diacrylate (LI) and C3L2 
is synthesized using 2~methyl-2,4 pentanediol diacrylate (L2). The resulting polymers 
showed different degradation rates in gel electrophoresis assays and transfection assays. 

10 The transfection assays showed that there is almost no change in the transfection efficiency 
of C3L2 polymer after 24 hours incubation with BPS at 37°C, with only a 10% decrease 
after 3 days incubation with PBS at 37°C, while the transfection efficiency of polymer 
C3L1 showed significant decreases from 40% to 25% after 24 hours and almost 0% after 3 
days incubation at same conditions (Fig. 9A). The data from agarose gel electrophoresis 

15 are also consistent with the transfection assay in which there was almost no significant 
difference in C3L2 molecular weight (Fig. 9B, bottom), while the molecular weight of 
C3L1 changed at 6 hours and was almost the same compared to C3 after 4 days degradation 
(Fig. 9B top). The results indicate that the polymer degradation rate can be controllable 
and the desired degradation rate can be achieved by using a different linker. 

20 Example 18 

Novel Synthetic Polymer-Mediated Antisense Oligodeoxylnucleotide Delivery 
The capacity of antisense ODN delivery efficiency of C4, C3, C2, C3L1, C2L3, 
C1L3 , BPEI25K and Lipofectamine was examined in this experiment. 

Different ratios of samples in 25\x\ DMEM (no serum or antibiotics) were added 
25 into 0.3jLig FITC labeled ODN in lOjal DMEM (no serum or antibiotics) drop by drop and 
vortexed at same time. Fifteen minutes later, 150pl DMEM (no serum or antibiotics) was 
added to the polymer-ODN complexes and mixed. The final concentration of ODN was 
250nM. HeLa 705 cells in 24-well plates were washed with PBS, and then the polymer- 
ODN complexes were added to the cells. FITC signal was observed under a microscope. 
30 C4, C3, C2 showed no efficiency in delivering FITC-labeled ODN. BPEI25K and 
Lipofectamine had high efficiency in ODN delivery. BPEI had higher delivery efficiency 
than Lipofectamine, and 2 hours after ODN treatment, about 60-70% of the cells showed 
FITC signal when the PEI/ODN ratio was 0.25^g/0.3|iig. At that time, only 5-10% of cells 
were positive in the Lipofectamine group. Twenty-four hours after ODN delivery, more 
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than 85% of the cells showed FITC signal, in BPEI 25k groups, while 65% of the cells 
showed FITC signal in the Lipofectamine group. All 3 samples showed high ODN 
delivery efficiency. C3L1, C2L3, C1L3 showed a little bit lower delivery efficiency than 
BPEI25K, and their cytotoxicities were much lower than BPEI25K. The ODN delivery 
5 efficiencies of C3L1, C2L3, C1L3 were higher than Lipofectamine. (Fig .10) 
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WHAT IS CLAIMED IS: 

1. A degradable cationic polymer comprising a plurality of cationic molecules 
and at least one degradable linker molecule connecting said cationic molecules in a 
branched arrangement, wherein said cationic molecules are selected from the group 
consisting of: 

(i) a cationic compound of formula 1 : 

R 2 R 4 

Formula 1 

wherein: 

10 Ri is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 

atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1 ; 

R 2 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R 3 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
15 atoms, or aryl or heteroaryl group with 5 to 30 atoms; 

R4 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1 ; 

R5 is a hydrogen atom, an alkyl or heteroalkyl group of 2 to 10 carbon 
atoms, an aryl or heteroaryl group with 5 to 30 atoms, or another Formula 1 ; 

20 

(ii) a cationic polyamino acid; and 

(iii) a cationic polycarbohydrate; 

and wherein said degradable linker molecule is represented by the formula: 
25 CU 

wherein C is a spacer moiety that is a straight or branched alkyl or 
heteroalkyl group of 2 to 10 carbon atoms, or aryl or heteroaryl group with 5 to 30 
atoms, may contain ether, ester, amide, imide, carbonyl groups with or without 
heteroatoms; L is an acrylate or methacrylate moiety, and n is an integer greater 
30 than or equal to two; and wherein C and L are bound covalently. 



-26- 



WO 03/097107 



PCT/US03/15003 



2. The degradable cationic polymer of Claim 1, wherein said polymer is 
degraded by hydrolysis, enzyme cleavage, reduction, photo-cleavage, or sonication. 

3. The degradable cationic polymer of Claim 1, wherein the cationic molecules 
are selected from the group consisting of, polyethyleneimine (PEI), polypropyleneimine 

5 (PPI), pentaethylenehexamine, N,N"-Bis(2-aminoethyl)-l ,3-propanediamine, N-(2- 
amino ethyl) -1 ,3 -propanediamine, N- (2 - aminopropyl) - 1 ,3-propanediamine spermine, 
spermidine, 1 ,4-Bis(3 -aminopropyl) piperazine, 1 -(2-aminoethyl)piperazine, tri(2- 
aminoethyl)amine, branched or dendrite polyamidoamine (PAMAM), poly(L-lysine) 
(PLL), and chitosan. 

10 4. The degradable cationic polymer of Claim 1, wherein the linker molecule is 

selected from the group consisting of 1,3-butanediol diacrylate, 1 ,4-butanediol diacrylate, 
1,6-hexanediol diacrylate, Di(ethylene glycol) diacrylate, poly(ethylene glycol) diacrylate, 
2,4-pentanediol diacrylate, 2-methyl-2,4-pentanediol diacrylate, 2,5-dimethyl-2,5- 
hexanediol diacrylate, trimethylolpropane triacrylate, pentaerythritol tetraacrylate, 

15 Di(trimethylolpropane tetraacrylate, Dipentaerythritol pentaacrylate, and a polyester with at 
least three acrylate or acrylamide side groups. 

5. The degradable cationic polymer of Claim 1, wherein the molecular weight 
of the polymer is from 500 Da to 1,000,000 Da. 

6. The degradable cationic polymer of Claim 5, wherein the molecular weight 
20 of the polymer is from 2000 Da to 200,000 Da. 

7. The degradable cationic polymer of Claim 1, wherein the molecular weight 
of the cationic compound is from 50 Da to 10,000 Da. 

8. The degradable cationic polymer of Claim 1, wherein the molecular weight 
of the linker molecule is from 100 Da to 40,000 Da. 

25 9. The degradable cationic polymer of Claim 1, further comprising a 

biomolecule complexed to the polymer. 

10. The degradable cationic polymer of Claim 9, wherein the biomolecule is 
selected from nucleic acid, protein, peptide, lipid, and carbohydrate. 

11. The degradable cationic polymer of Claim 10, wherein the nucleic acid is 
30 selected from the group consisting of DNA, single or double strand RNA, ribozyme, 

DNA-RNA hybridizer, and antisense DNA. 

12. A method of gene therapy in a patient in need of treatment comprising 
administering a degradable cationic polymer of Claim 1 1 to said patient. 
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13. A method of transfecting a eukaryotic cell comprising contacting said cell 
with a polymer of Claim 1 1 . 

14. A method of delivering a diagnostic imaging composition to an individual 
comprising conjugating a diagnostic imaging composition to the degradable cationic 

5 polymer of Claim 1 and administering the conjugated polymer to the individual. 

15. A polymer library comprising a plurality of degradable cationic polymers of 
Claim 1 wherein said polymers comprise different ratios of cationic compound to linker 
molecule. 

16. A polymer library comprising a plurality of degradable cationic polymers of 
10 Claim 1 wherein said polymers each comprise a different linker molecule. 

17. A polymer library comprising a plurality of degradable cationic polymers of 
Claim 1 wherein said polymers each comprise a different cationic oligomer. 

18. A biomaterial delivery system comprising, 
at least one biomolecule; 

15 the degradable cationic polymer of Claim 1 wherein said polymer has an 

affinity for said biomolecule; and 

at least one delivery enhancing agent, which can be internalized into a 
eukaryotic cell, that can facilitate receptor recognition, internalization, escape of the 
biomolecule from the endosome, nucleus localization, biomolecule release, or 

20 system stabilization in said eukaryotic cell. 

19. The biomolecule of Claim 18 wherein said biomolecule is a nucleic acid, 
peptide, protein, or carbohydrate. 

20. The delivery enhancing agent of Claim 1 8 wherein said delivery enhancing 
agent is coupled to said degradable cationic polymer. 

25 2 1 . A medical diagnostic system comprising: 

an image contrast agent, 

the degradable cationic polymer of Claim 1 wherein the polymer has affinity 
for biomolecules, and 

a ligand, antibody, or agent of interest that recognizes a specific receptor of 
30 a eukaryotic cell, tissue, or organ, wherein said ligand, antibody, or agent is coupled 

with said degradable cationic polymer. 
22. A pharmaceutical composition comprising: 

a sensitizer agent that can be functionally triggered by light or other physical 
stimulators; and 
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the degradable cationic polymer of Claim 1, wherein said polymer has 
affinity for biomolecules. 
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